Synaptic plasticity of ionotropic glutamate receptors has been extensively studied with a particular focus on the role played by NMDA (N-methyl-d-aspartate) receptors in the induction of synaptic plasticity and the subsequent movement of AMPA (α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid) receptors. The third subtype of ionotropic glutamate receptor, kainate receptors, has not been studied to the same extent, but recent evidence shows that these receptors also exhibit synaptic plasticity in response to activity. There is also a growing body of data on the mechanisms underlying kainate receptor trafficking and the proteins they interact with. This review summarizes the current state of knowledge on this topic, focusing on the evidence for the removal or insertion of functional kainate receptors in response to synaptic activity and the cellular mechanisms that underlie this regulation of neuronal kainate receptor function.
Introduction
Kainate receptors are expressed ubiquitously throughout the CNS (central nervous system) [1] [2] [3] and are heavily implicated in diseases such as epilepsy [4, 5] . Each kainate receptor is thought to be made up of a tetrameric combination of up to four of the five kainate receptor subunits GluR5-GluR7 and KA1 and KA2 [1, 2] . The GluR5-GluR7 subunits are functional ion channels when expressed in heterologous systems either as homomers or in heteromeric combination with other GluR5-GluR7 and KA1 and KA2 subunits. The KA1 and KA2 subunits do not produce functional surfaceexpressed homomeric channels [6] and are thought to form heteromers in combination with the GluR5-GluR7 subunits. The KA2 (and possibly KA1) subunit is also believed to mediate the metabotropic actions of kainate receptors through a direct interaction of their C-termini with G-proteins [7] . In addition, the GluR5 and GluR6 subunits are known to exist as a number of different splice variants (GluR5a, GluR5b and GluR5c, and GluR6a, GluR6b and GluR6c) each of which has a different C-terminal domain [8] . This allows kainate receptor subunit trafficking to be specifically regulated.
Studies on the exact intracellular location of kainate receptors have been sparse due to a lack of high-quality subunitselective antibodies. Therefore most of the information regarding the localization of specific kainate receptor subunits within neurons has been obtained from functional studies combined with pharmacology and/or the use of kainate receptor subunit-deficient mice. This has revealed a remarkable diversity and specificity in the localization of individual kainate receptor subunits, not only between different neuronal types but also within individual neurons [9] , implying a powerful and specific regulatory mechanism. For example, within hippocampal CA3 pyramidal neurons, kainate receptors are targeted to the axons and presynaptic terminals where they regulate neurotransmitter release on to CA1 pyramidal neurons and interneurons [9] and are also targeted to the postsynaptic membrane of the mossy fibre synapse where they mediate a slow EPSP (excitatory postsynaptic potential) [10, 11] as well as regulating the slow after-hyperpolarization via a metabotropic action [7, 12] . However, at associational/ commissural or perforant path postsynaptic sites, they are absent [10] . This demonstrates that not only are kainate receptors restricted to certain sites within a neuron but kainate receptors containing different subunits are targeted to different sites within a neuron [13] .
There is also evidence that kainate receptor expression at synapses is regulated during development [3, [14] [15] [16] and acutely during long-term synaptic plasticity [14, 17] . The present review will describe the recent evidence for synaptic plasticity of kainate receptors and the mechanisms by which this might occur. I will also review the evidence for a physiological role for kainate receptor synaptic plasticity.
Kainate receptor synaptic plasticity
Synaptic kainate receptors were first discovered at the mossy fibre synapse in the hippocampus using the AMPA (α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid) receptorspecific antagonist GYKI 53655 [10, 11] . Since then, postsynaptic kainate receptors have been found at a number of other synapses in the CNS and spinal cord. Of these synapses, the thalamocortical synapse in layer IV of the somatosensory cortex [14] and the entorhinal synapse in layer II/III of the perirhinal cortex [17] have both been shown to exhibit kainate receptor synaptic plasticity, while at a third synapse, the mossy fibre synapse in the hippocampus, kainate receptors have been shown to be regulated by NMDA (N-methyl-D-aspartate) receptor activation in a reversible, short-term fashion [18, 19] .
Somatosensory cortex
Within the somatosensory cortex, postsynaptic kainate receptors were first described at the thalamocortical synapse in layer IV by Kidd and Isaac [14] . These authors described a kainate receptor-mediated response that is present in brain slices taken from young rats (p3-p7) but gradually decreases in older animals and is thus developmentally regulated [14] . They also showed that, in p3-p7 animals, the synaptic kainate response could be decreased by a stimulation protocol that gave a concurrent increase in the synaptic AMPA receptor response. This protocol involved pairing presynaptic stimulation with postsynaptic depolarization, allowing calcium influx into the postsynaptic neuron through NMDA receptors. This is a classic protocol for the induction of AMPA receptor long-term potentiation, so it was surprising that at this synapse the kainate receptor-mediated response underwent LTD (long-term depression). It has also been shown that, in older animals (>p8), AMPA receptor synaptic plasticity can no longer be induced [20] , although as yet no one has shown the same for kainate receptors. This leads to the hypothesis that during development the synapses undergo plasticity, replacing kainate receptors with AMPA receptors.
Subsequent studies at this synapse have demonstrated that the AMPA and kainate receptors exist at separate synapses and are never found at the same postsynaptic density and that, during plasticity or development, synaptic AMPA responses increase and synaptic kainate receptor responses are reduced [14, 21] , the most likely explanation being that AMPA receptors are inserted into synapses that previously contained only kainate receptors after the kainate receptors have been removed. The mechanism by which the influx of calcium through NMDA receptors leads to a removal of kainate receptors and an insertion of AMPA receptors is currently unknown.
Perirhinal cortex
Postsynaptic kainate receptors were first demonstrated in perirhinal cortex on layer II/III neurons, where it was shown that they could be regulated by application of metabotropic glutamate agonists [22] . Subsequently, it was shown that neuronal activity could produce plasticity of these synaptic kainate receptors by removal of receptors from the postsynaptic membrane [17] . The mechanism underlying this activity-dependent removal of kainate receptors is thought to involve calcium influx through the postsynaptic kainate receptors that activates PKC (protein kinase C). This might lead to a change in the interaction of the C-terminus PDZbinding domain of kainate receptors with the protein PICK1 (protein that interacts with C-kinase 1), resulting in a removal of the receptors from the postsynaptic membrane. The authors used the infusion of peptides that block the interaction of the PDZ-binding domain in the C-terminus of kainate receptor subunits with PICK1 to demonstrate the essential role of this interaction [17] .
It is interesting to note that the mechanism of kainate receptor plasticity is very different at this synapse compared with the thalamocortical synapse in the somatosensory cortex. The influx of calcium triggering plasticity is through NMDA receptors in the somatosensory cortex, whereas it is through the kainate receptors themselves in the perirhinal cortex, and it remains to be seen if the downstream mechanism in the somatosensory cortex mirrors the PKC and PICK1 pathway thought to be present in the perirhinal cortex.
Hippocampus
PICK1 has also been implicated in the regulation of kainate receptors at the mossy fibre synapse in the hippocampus. In a study that first showed the importance of the interaction between PICK1 and the kainate receptor subunits GluR5 and GluR6, the increase or decrease in synaptic kainate receptor response was found to be dependent on the activation of PKC and an interaction with PICK1 [23] . In addition, by using peptides that blocked interactions with the kainate receptor PDZ domain, the authors found that both PICK1 and another PDZ-binding protein, GRIP (glutamate receptor-interacting protein), bound to the C-terminus of kainate receptors, either causing the receptors to be stabilized at the postsynaptic membrane surface in the case of GRIP or facilitating the movement of kainate receptors between the surface and intracellular compartments in the case of PICK1 [23] . There are therefore several possible similarities between the regulation of synaptic kainate receptors at the mossy fibre synapse and at the perirhinal cortex synapse. It remains to be seen if the activation of metabotropic glutamate receptors on the CA3 neurons of the hippocampus is able to induce changes in synaptic kainate receptors at the mossy fibre synapse.
Furthermore, an activity-dependent regulation of synaptic kainate receptors at the mossy fibre synapse is yet to be demonstrated, and it will be interesting to see if the type of activity protocols used at the thalomocortical or perirhinal synapses are capable of inducing synaptic plasticity of kainate receptors. Perhaps relevant to this, it has already been shown that activation of NMDA receptors on hippocampal neurons in culture causes a short-term decrease in kainate receptor function via activation of calcineurin [18, 19] . The evidence from the present study points to regulation by direct phosphorylation or dephosphorylation of kainate receptors by calcineurin and CaMKII (Ca 2+ /calmodulin-dependent protein kinase II).
Functional implications
A functional role for activity-dependent kainate receptor synaptic plasticity is a question currently under investigation. While the role of AMPA receptor synaptic plasticity has been studied extensively, much less is known about the implications of kainate receptor synaptic plasticity. Most emphasis has been placed on the kinetics of the kainate receptor-mediated synaptic response compared with AMPA. In general, although the kainate peak response is much smaller than that of AMPA, it is also slower to rise and slower to decay and so the amount of charge transferred can be similar. The kainate response is also capable of integrating synaptic inputs across a much wider period of time, enabling temporally fewer correlated inputs to summate [24] . A reduction of the kainate receptor-mediated component of the EPSP as a result of activity-induced plasticity would therefore reduce the ability of synapses to summate temporally. This has been shown to occur at the thalamocortical synapse in the somatosensory cortex [25] . In a series of elegant experiments, these authors demonstrated the functional implications of the switch from kainate-to AMPA-mediated synaptic receptors after longterm potentiation. They showed convincingly that the reduction in synaptic kainate response reduced the time window during which EPSPs could summate and generate an action potential, even though the synaptic AMPA response was increased. This shows that during the critical period in the development of the somatosensory cortex, the loss of synaptic kainate receptors changes the function of the neurons towards integrating only temporally correlated inputs. Perhaps more importantly, it also makes the timing of output spikes much closer to the input, leading to a very different mode of information transfer.
Summary
It is emerging that kainate receptors do undergo synaptic plasticity and evidence has now accumulated for three different synapses. Advances have also been made to find out what function synaptic kainate receptors fulfil and how synaptic plasticity of these receptors is relevant to information transfer between neurons. However, much more research needs to be done on this topic to reveal all the functions of this class of glutamate receptors.
